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Edited by Stuart FergusonAbstract The ability of subunit C of eukaryotic V-ATPases to
bind ADP and ATP is demonstrated by photoaﬃnity labeling
and ﬂuorescence correlation spectroscopy (FCS). Quantitation
of the photoaﬃnity and the FCS data indicate that the ATP-ana-
logues bind more weakly to subunit C than the ADP-analogues.
Site-directed mutagenesis and N-terminal sequencing of subunit
C from Arabidopsis (VHA-C) and yeast (Vma5p) have been used
to map the C-terminal region of subunit C as the nucleotide-bind-
ing site. Tryptophan ﬂuorescence quenching and decreased sus-
ceptibility to tryptic digestion of subunit C after binding of
diﬀerent nucleotides provides evidence for structural changes in
this subunit caused by nucleotide-binding.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The vacuolar ATPase (V1V0 ATPase) is an electrogenic ion
pump found throughout every eukaryotic cell. This enzyme
harnesses the energy derived from ATP hydrolysis to pump
ions across membranes, creating an electrochemical gradient.
V-ATPases have two structural and functional parts, a periph-
eral V1 complex, whose catalytic part faces the cytosol, and a
membrane bound, ion conducting V0 part [1]. The eukaryotic
enzyme V1 consists of eight subunits A–H, whereas the V0 do-
main is composed of the four diﬀerent subunits a, c, d and e [2].
ATP is hydrolyzed on the V1-headpiece, composed of an A3:B3
hexamer, and the energy released during that process is trans-
mitted to the membrane-bound V0 domain, to drive ion trans-Abbreviations: BODIPY-FL-ATP, BODIPY FL 2 0-(or-30)-O-(N-
(2-aminoethyl)urethane); IPTG, isopropyl-b-D-thio-galactoside; 8-N3-
3 0-biotinyl-ATP, 8-azido-30(20)-biotinyl adenosine 5 0-diphosphate;
8-N3-3
0-biotinyl-ATP, 8-azido-30(20)-biotinyl adenosine 5 0-triphos-
phate; NTA, nitrilotriacetic acid; PAGE, polyacrylamide gel electro-
phoresis; PCR, polymerase chain reaction; SDS, sodium dodecyl
sulfate; Tris, Tris-(hydroxymethyl)aminomethane
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structure, an assembly of the V1 and V0 subunits C–H and a,
respectively, that forms the functional and structural interface
[3].
A characteristic feature of the eukaryotic V1V0 ATPase is
the regulation by reversible disassembly of the V1 and V0
subcomplexes [4,5], resulting in the decrease of Mg2+-depen-
dent ATPase activity and proton pumping across the mem-
brane. Reassembly of both domains restores these activities.
It was shown that subunits C and H are important for inhi-
bition of the Mg2+-dependent ATPase activity of dissociated
V1 complexes [6]. The high-resolution structure of the H
subunit [7] and data on the gross structure of the V1V0
ATPase complexes suggest that in the intact enzyme this
subunit is involved in the formation of the peripheral stalk
region [8], despite the fact that a rearrangement within the
disassembled V1 is possible [9,10]. Electron microscopy stud-
ies of the disassembled V1 complex from tobacco hornworm
Manduca sexta have shown that subunit C dissociates from
the V1 subcomplex [11], although it is essential for the reas-
sembly of the functional V1V0 [9,12]. Previously, the struc-
ture of the C subunit (Vma5p) from the yeast V1V0
ATPase has been studied by small angle X-ray scattering,
revealing that the hydrated Vma5p has an elongated boot-
shaped structure with a maximum size of 12.5 nm [13]. A re-
cent 1.75 A˚ map from X-ray diﬀraction studies of Vma5p
[14] conﬁrms this feature and shows that this subunit con-
sists of three distinct domains. An upper head domain, com-
posed of the amino acids 166–263, a large globular foot,
consisting of the N- and C-termini, and an elongated neck
domain, which connects the head and foot region (Fig. 1).
An intriguing result was the formation of a stable and
ATPase active hybrid complex composed of Vma5p and
V1 from M. sexta, lacking endogenous subunit C. It has
been demonstrated that the addition of recombinant subunit
C to the V1(-C) complex signiﬁcantly increased ATPase
activity [13], supporting its functional role in regulation of
ATPase activity [15,16]. Here, we report for the ﬁrst time
the property of nucleotide binding of subunit C, indepen-
dently observed by photoaﬃnity labeling and ﬂuorescence
correlation spectroscopy (FCS). Decreased tryptophan ﬂuo-
rescence and trypsin susceptibility in the presence of diﬀerent
nucleotides are discussed in the light of structural alterations
in subunit C and its important role in the control of the
V1V0 holoenzyme.blished by Elsevier B.V. All rights reserved.
Fig. 1. Structure of subunit C (Vma5p). The atomic model derived
from the X-ray coordinates kindly provided by Prof. N. Nelson, Tel
Aviv University [14]. The head-region I178–S263 (blue) and both the N-
(L5–G56) and C-terminus (G320–M357, Y382–L392) are labeled in yellow.
The disordered region in-between the amino acids 357–382 are
indicated by the residues M357 (magenta) and Y382 (red).
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2.1. Biochemicals
ProofStarte DNA Polymerase and Ni2+–NTA-chromatography re-
sin were received from Qiagen (Hilden or Novagen, Bad Soden, Ger-
many); restriction enzymes were purchased from MBI Fermentas (St.
Leon-Rot, Germany). Chemicals for gel electrophoresis were received
from Serva (Heidelberg, Germany). All other chemicals were at least of
analytical grade and received from BIOMOL (Hamburg, Germany),
Merck (Darmstadt, Germany), Roth (Karlsruhe, Germany), or Sigma
(Deisenhofen, Germany).
2.2. Expression and puriﬁcation of subunit C from Arabidopsis thaliana
(VHA-C) and Saccharomyces cerevisiae (Vma5p)
To amplify the coding region ofVHA-C, oligonucleotide primers 5 0-
ataggatccatgacttcgagatattgggt-3 0 (forward primer) and 5 0-atactc-
gagttaagcaaggttgatagt-30 (reverse primer), incorporating BamHI and
XhoI restriction sites, respectively (underlined), were designed. A. tha-
liana (ecotype Col- 0) cDNA was used as template for the polymerase
chain reaction (PCR). Following digestion with BamHI and XhoI, the
PCR product was ligated into the pET28a vector (Novagen, Bad So-
den, Germany). The pET28a vector containing the VHA-C insert was
then transformed into Escherichia coli cells (strain BL21DE3) (Nova-
gen, Bad Soden, Germany) and grown on 50 lg/ml kanamycin-contain-
ing Luria–Bertoni (LB) agar-plates. To express His6-VHA-C, liquidcultures were shaken in LBmedium-containing kanamycin (50 lgml1)
for about 2 h at 37 C until an optical density OD600 of 0.6–0.7 was
reached. To induce expression of His6-VHA-C, the cultures were sup-
plemented with isopropyl-b-D-thio-galactoside to a ﬁnal concentration
of 0.2 mM. Following incubation for another 7 h at 20 C, the cells
were harvested at 4500 · g for 20 min, 4 C. Subsequently, they were
lysed by sonication for 6 · 10 s in buﬀer A [50 mM Tris-(hydroxy-
methyl)aminomethane (Tris)/HCl, pH 8, 300 mM NaCl, 10 mM imi-
dazol, 1· Complete inhibitor mix (Roche, Mannheim, Germany)].
The lysate was cleared by centrifugation at 10 000 · g for 30 min at
4 C, the supernatant was passed through a ﬁlter (0.45 lm pore-size)
and supplemented with Ni2+–NTA resin. The His-tagged protein was
allowed to bind to the matrix for 60 min at room temperature and
eluted with 125 mM imidazole in buﬀer A. Fractions containing His6-
VHA-C were identiﬁed by sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS–PAGE), pooled and concentrated using spin con-
centrators (10 kDa molecular mass cut oﬀ; Vivascience, Go¨ttingen,
Germany). Wild type VHA-C protein was applied to a Superdex 200
column (Amersham Biosciences), equilibrated in a buﬀer of 25 mM
Tris/HCl (pH 7.5) and then concentrated. The purity of the protein
sample was analyzed by SDS–PAGE. Subunit C (Vma5p) of the S.
cerevisiae V-ATPase was produced and puriﬁed according to Armbru¨-
ster et al. [13]. Protein concentrations were determined by the bicinch-
oninic acid assay (BCA; Pierce, Rockford, IL, USA).
2.3. Site-directed mutagenesis
Mutant constructs were produced by PCR-based site-directed
mutagenesis using VHA-C in pET28a as template. The following
oligonucleotides were used: S211Gfwd 5 0-gattatgtggttcctaggggctcga-
agaaattg-3 0 and S211Grev 5 0-caattttcttcgagcccctaggaaccacataatc-30,
S212Gfwd 5 0-tatgtggttcctaggtccgggaagaaattgtttg-30 and S212Grev 5 0-
caaacaatttcttcccggaaccacata-30, P312Afwd 5 0-gagatacggtttagctccggcg-
ttcttggcatg-30 and P312Arev 5 0- catgccaagaacgccggagctaaaccgtatctc-
3 0, and R308AY309Afwd 5 0-cgctgagagcattatggcagccggtttacctcggcgttc-
3 0 and 5 0-gaacgccggaggtaaaccggctgccataatgctctcagcg-30. Presence of
the mutations was conﬁrmed by sequencing. The VHA-C mutant pro-
teins were prepared as the VHA-C wild type protein described above.2.4. Photoaﬃnity labeling
Photoaﬃnity labeling was performed as described by Scha¨fer et al.
[17]. Protein (8 mg/ml) was incubated with 5 · 105 M 8-N3-3 0-bioti-
nyl-ATP (8-azido-3 0(2 0)-biotinyl adenosine 5 0-triphosphate) or 8-N3-
3 0-biotinyl-ADP in Tris/HCl buﬀer (50 mM, pH 8.5, and 100 mM
NaCl) for 5 min at 4 C in the dark followed by irradiation with an
ultraviolet lamp at 366 nm for 30 min on ice. The protein sample
was analyzed by SDS–PAGE and the gel was stained with Coomassie
Brilliant Blue G250. The identiﬁcation of the labeled subunits was
done by Western immunoblots according to Towbin et al. [18] using
a streptavidin/POD conjugate for the visualization of the biotinylated
proteins. The 8-N3-3
0-biotinyl-ATP and 8-N3-3 0-biotinyl-ADP was a
generous gift of Prof. H.-J. Scha¨fer (Johannes-Gutenberg Universita¨t,
Mainz, Germany).
2.5. Chemical cleavage of photoaﬃnity-labeled Vma5p
The photolabeled Vma5p was incubated overnight in darkness with
10 mg/ml CNBr in 80% formic acid at room temperature. After the
incubation period, the sample was dried using a vacuum concentrator
(SC 110, Savant), redissolved in buﬀer (100 mM Tris/HCl) and ana-
lyzed directly by electrophoresis. The identiﬁcation of the labeled frag-
ments was done by Western immunoblots and the use of a streptavidin/
POD conjugate as described above. For the N-terminal sequencing,
CNBr-generated peptide fragments were blotted on a polyvinylidene
diﬂuoride membrane (pore size 0.45 lm) according to [19]. The protein
bands, correlating to the labeled fragments, were excised from the
membrane and sequenced with a model 473A sequencer from Applied
Biosystems.
2.6. Fluorescence correlation spectroscopy
For investigation of ATP- and ADP-binding to subunit C the ATP-
analogues BODIPY-FL-ATP (BODIPY FL 2 0-(or-3 0)-O-(N-(2-ami-
noethyl)urethane) adenosine 5 0-triphosphate, Molecular Probes), and
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recorded in 50 mM Tris/HCl, pH 8.5 and 100 mM NaCl with the ﬂuo-
rophore concentration of approximately 100 pM, 3.8 mM CaCl2, and
protein concentrations between 7 and 410 lM, respectively. The
ﬂuorescence of single molecules was measured with a confocal setup
of local design based on an inverted microscope (IX71; Olympus) sim-
ilar to [20,21]. Fluorescence excitation with epi-illumination was per-
formed with an argon ion laser (Spectra Physics, Germany) at 488
nm for BODIPY-FL-ATP, or 514,5 nm for Atto-532-ADP, respec-
tively. The laser intensity was attenuated to 150 lW and focused by
a water immersion objective (UPlanApo, 60·, NA 1.2; Olympus, To-
kyo, Japan) to a measurement volume of 5.3 ﬂ. The ﬂuorescence signal
was detected by a single photon counting avalanche photodiode
(SPCM-AQR-14; EG & G, Vaudreuil, Canada) after passing an inter-
ference ﬁlter HQ532/70 for BODIPY-FL-ATP, or HQ585/80 for Atto-
532-ADP (AHF, Tu¨bingen, Germany). FCS data were recorded by a
real-time correlator PC card (ALV-5000/E; ALV, Langen, Germany)
with a measurement time of 300 s. The samples were measured on a
microscope slide with a small depression covered with a conventional
cover glass. All measurements were performed at 20 C. These data
were quantitatively interpreted using the autocorrelation function
[22]:
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Here, NF is the average number of ﬂuorescent molecules in the con-
focal volume, tD1 ¼ x20=4D1 is the characteristic time for transla-
tional diﬀusion of the molecules with the diﬀusion coeﬃcient D1,
tD2 ¼ x20=4D2 is the characteristic diﬀusion time for the molecules
with diﬀusion coeﬃcient D2, T is the average fraction of molecules
in the excited triplet state with a characteristic triplet correlation
time, tT, a is the fraction of molecules with the shorter diﬀusion
time tD1 , and x0 and z0 are the radial and axial 1/e
2 radii of the la-
ser focus and detection volume.
2.7. Tryptophan ﬂuorescence measurements
The intrinsic tryptophan ﬂuorescence was recorded at room temper-
ature using a Varian Cary Eclipse spectroﬂuorimeter. The protein sam-
ples were excited at 295 nm, and the emission was recorded from 300 to
370 nm. Excitation and emission bandpass were set to 5 nm.Fig. 2. Photoaﬃnity labeling subunit C (Vma5p) by 8-N3-3
0-bioti-
nyl-ADP and 8-N3-3
0-biotinyl-ATP. (A) An SDS–PAGE [31] of
subunit C (lane 1), irradiated in the absence (lane 3) or presence of
5 · 105 M 8-N3-3 0-biotinyl-ATP (lane 4) or Ca-8-N3-3 0-biotinyl-
ATP (lane 5). Lane 2, dark control in the presence of 5 · 105 M of
Ca-8-N3-3
0-biotinyl-ATP. (\) indicates a slight amount of Vma5p-
dimerization, formed by the single residue Cys340 of Vma5p in the
absence of DTT. (Lanes 6–10) Western blot of the same samples
with a streptavidin/POD conjugate to detect the subunit labeled with
8-N3-3
0-biotinyl-ATP. (B), SDS–PAGE [31] and Western blot signal
after photoaﬃnity labeling of Vma5p by 5 · 105 M 8-N3-3 0-2.8. Trypsin digestion studies
Subunit C (8 mg/ml) was incubated with trypsin in a ratio of 320:1
(w/w) in 50 mM Tris/HCl (pH 8.5) and 100 mM NaCl in the absence
or presence of 2 mM nucleotide at 30 C. Trypsin cleavage was stopped
by addition of the protease inhibitor Pefabloc SC (8 mM). Peptides
were separated by SDS–PAGE [31]. Relative intensities of the protein
bands of subunit C at each time-point and under the nucleotide-condi-
tions described were determined by scanning the gel of panel A with an
HP (ScanJet 4c) ﬂat-bed scanner. The intensity of each protein band
was digitized and calculated by the program AIDA 2.40 (advanced im-
age analyzer; RAYTEST).biotinyl-ADP in the absence (lanes 1 and 5) and presence (lanes 3
and 7) of 1 mM CaADP. Labeling of Vma5p by Ca-8-N3-3
0-
biotinyl-ADP in the absence (lanes 2 and 6) and presence (lanes 4
and 8) of 1 mM CaADP. (C) Photoaﬃnity labeling of wild type
VHA-C and the VHA-C mutants S221G, S223G, R318A:Y319A
and P322A (numbering of analogousS. cerevisiae). Lanes 1 and 4,
Dark control in the presence of Ca-8-N3-3
0-biotinyl-ADP; lanes 2
and 5, VHA-C labeled by 5 · 105 M Ca-8-N3-3 0-biotinyl-ADP;
lane, 3, 6, VHA-C labeled by 5 · 105 M Ca-8-N3-3 0-biotinyl-ATP.
Western blot signals of the VHA-C mutant S221G (lanes 7 and 8),
S223G (lanes 9 and 10), R318A:Y319A (lanes 11 and 12) and
P322A (lanes 13 and 14) labeled by Ca-8-N3-3
0-biotinyl-ATP and
Ca-8-N3-3
0-biotinyl-ADP, respectively.3. Results
3.1. Nucleotide binding of subunit C
Subunit C is believed to be an ideal candidate for regulating
the disassembly of the V-ATPase in response to glucose depri-
vation [5,12]. As yet the nature of this signal is not clear.
Therefore, we hypothesized that subunit C might act as a sen-
sor for cellular ADP:ATP level and tested the capability of C
Fig. 3. CNBr cleavage of Ca-8-N3-3
0-biotinyl-ADP Vma5p. Vma5 was
photoaﬃnity-labeled with Ca-8-N3-3
0-biotinyl-ADP and subjected to
treatment with CNBr. The labeled and cleaved protein was analyzed
by SDS–PAGE (lane 1) followed by Western blotting. The labeled
peptides were marked by the streptavidin/POD conjugate (lane 2).
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nucleotide analogues 8-N3-3
0-biotinyl-ADP and 8-N3-3 0-bioti-
nyl-ATP were used, whose speciﬁcity for nucleotide binding
sites is well documented [23]. As can be seen in Fig. 2A irradi-
ation of subunit C (Vma5p) in the presence of either 8-N3-3
0-
biotinyl-ATP or Ca-8-N3-3
0-biotinyl-ATP resulted in a diﬀuse
band, which migrated slightly slower in SDS–PAGE, com-
pared to the deﬁned band of the untreated protein (lane 1).
Irradiation of Vma5p in the absence of the label (light control)
or incubation of the protein with Ca-8-N3-3
0-biotinyl-ATP in
the dark (dark control) resulted in a deﬁned band (Fig. 2A,
lanes 2 and 3). The bound photoaﬃnity label, 8-N3-3
0-bioti-
nyl-ATP, was identiﬁed using a streptavidin/POD conjugate,
which visualized the biotinylated protein. The immunoblot in
Fig. 2A yields the labeling of Vma5p in the presence of either
8-N3-3
0-biotinyl-ATP (lane 9) or Ca-8-N3-3 0-biotinyl-ATP
(lane 10), whereby no labeling occurs in the dark (lane 7)
and light control (lane 8). These results point to a speciﬁc cova-
lent binding of 8-N3-3
0-biotinyl-ATP, indicated by the migra-
tion of the same samples in the SDS–PAGE described
above. Irradiation of Vma5p in the presence of either 8-N3-
3 0-biotinyl-ADP (Fig. 2B, lanes 1 and 5) or Ca-8-N3-3 0-bioti-
nyl-ADP (lanes 2 and 6), resulted in covalent binding of the
nucleotide analogue. To test whether the labeling could be pro-
tected by a competing nucleotide, ADP and CaADP was
added prior to the labeling procedure, respectively. The pres-
ence of ADP (Fig. 2B, lanes 3 and 7) and CaADP (lanes 4
and 8) prevented binding of 8-N3-3
0-biotinyl-ADP or Ca-8-
N3-3
0-biotinyl-ADP.
In order to prove, whether the nucleotide-binding nature of
subunit C is common to other sources, the interaction of the
monofunctional labels 8-N3-3
0-biotinyl-ATP and 8-N3-3 0-biot-
inyl-ADP with subunit C (VHA-C) of A. thaliana was ana-
lyzed. As demonstrated in Fig. 2C, SDS–PAGE and
streptavidin/POD conjugate detection of the irradiated VHA-
C revealed that 8-N3-3
0-biotinyl-ATP (lanes 2 and 5) or 8-
N3-3
0-biotinyl-ADP (lanes 3 and 6) bound to subunit C,
respectively. The speciﬁcity of nucleotide-binding was studied
using the VHA-C mutants R318, Y319 and P322 (numbering
of analogous S. cerevisiae residues), which are highly con-
served among most eukaryotes, and the mutants S221G and
S223G, localized in the head domain of subunit C (Fig. 1).
As detected by the streptavidin/POD conjugate the VHA-C
mutants S221G and S223G were covalently labeled by Ca-8-
N3-3
0-biotinyl-ATP and Ca-8-N3-3 0-biotinyl-ADP comparable
to wild type VHA-C (Fig. 2C, lanes 7–10). By comparison, a
signiﬁcantly decreased amount of bound nucleotide-analogues
can be detected using the VHA-C double mutant
R318A:Y319A (lanes 11–12), whereas neither Ca-8-N3-3
0-biot-
inyl-ATP nor Ca-8-N3-3
0-biotinyl-ADP showed labeling of the
VHA-C single mutant P322A (lanes 13–14).3.2. Location of the nucleotide-binding site in subunit C
Subunit C (Vma5p) photolabeled with 8-N3-3
0-biotinyl-
ADP was digested with CNBr, which cleaves at the COOH
terminus of methionine residues, followed by resolution on
an SDS–PAGE (Fig. 3) and Western blotting. Two speciﬁ-
cally labeled bands with apparent molecular masses of 28.6
and 4.1 kDa were visible in the blot (Fig. 3, lane 2). N-termi-
nal sequence analysis, resulting in the sequences 106P V P E YL E N F Q and 358K D K K G K I N, indicated that the
labeled CNBr-fragments consisted of the C-terminal peptides
P106–L392 and K358–L392. The same marked peptides were
detected after CNBr-treatment of the 8-N3-3
0-biotinyl-ATP
labeled Vma5p (data not shown), demonstrating that the
nucleotide-binding site is located at the C-terminus of
Vma5p.
3.3. Nucleotide-binding of subunit C characterized by FCS
ATP/ADP-binding of subunit C and the strength of the
nucleotide-binding were further examined by FCS, which
is a highly sensitive tool to determine binding/dissociation
equilibria in the nanomolar range. The characteristic diﬀu-
sion time, tD, for subunit C (Vma5p) was measured by
selectively labeling of the protein with tetramethylrhod-
amine-5-maleimide (TMR) at the Cys340. The diﬀusion times
of the labeled Vma5p were compared to the standard ﬂuo-
rophore rhodamine R6G and the ﬂuorescent ADP-deriva-
tive Atto-532-ADP (Fig. 4A). The mean count rate per
TMR ﬂuorophore bound to subunit C was 20 kHz com-
pared to 39.5 kHz for Atto-532-ADP, and 56 kHz for
R6G in these FCS-experiments. Fitting the autocorrelation
functions resulted in characteristic times of diﬀusion
tD = 1.2 ms for Vma5p-TMR, tD = 0.28 ms for Atto-532-
ADP, and tD = 200 ls for R6G.
Fig. 4B shows the measured autocorrelation curves of the
ﬂuorescent ADP-analogue, Atto-532-ADP in the absence and
presence of Vma5p. The addition of subunit C resulted in a
signiﬁcant change of the mean diﬀusion time tD, which in-
creased up to 36% with increasing concentrations of subunit
C. This conﬁrmed that Atto-532-ADP bound to Vma5p in
the presence of Ca2+. Using the relation tD ¼ x20=4D, be-
tween the radial 1/e2 radius, x0 = 470 nm, and the character-
istic translational diﬀusion time, tD, the translational
diﬀusion coeﬃcient, D, of Atto532-ADP in the absence of
Vma5p was determined to be (2 ± 0.1) · 106 cm2/s, and
for Vma5p-TMR (4.7 ± 0.4) · 107 cm2/s, respectively, re-
lated to a diﬀusion coeﬃcient of 2.8 · 106 cm2/s of R6G
Fig. 5. Fluorescence emission spectra of Vma5p in the absence and
presence of nucleotides. The tryptophan ﬂuorescence emission spec-
trum of subunit C was measured with a 1:1 ratio of Ca2+ to nucleotide
at room temperature. The protein was diluted in 50 mM, pH 8.5, and
100 mM NaCl and incubated with 2 mM (ﬁnal concentration) of
CaAMP Æ PNP (curve ·), CaATP (curve n) and CaADP (curve e) on
ice for 5 min. Curve h, subunit C in the absence of nucleotides. The
spectra were recorded with the emission and excitation slits at 5 nm.
Fig. 4. Fluorescence correlation spectroscopy of VMA5p-TMR and
the ﬂuorescent ATP-analogues Atto-532-ADP and BODIPY-FL-ATP
in the presence of 3.8 mM Ca2+. (A) Normalized autocorrelation
functions of freely diﬀusing ﬂuorophore R6G (dotted curve), labeled
Vma5p-TMR (dashed curve), and Atto-532-ADP (solid line). SDS–
PAGE analysis of the TMR-labeled protein on the single Cys340
residue is displayed in the inset. Vma5p was incubated for 30 min with
tetramethylrhodamine-maleimide (TMR). (B) Normalized autocorre-
lation functions of Atto-532-ADP (—), Atto-532-ADP in the absence
and presence of 39 lM subunit C (  ) and 392 lM (–––), respectively.
(C) Normalized autocorrelation functions of Bodipy-FL-ATP. (—)
Bodipy-FL-ATP in the absence and presence of 39 lM subunit C (  )
and 392 lM (–––), respectively.
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logue, BODIPY-FL-ATP, was used the mean diﬀusion time
also increased up to 30% (Fig. 4C). The increase of the diﬀu-
sion time was due to the increase in the mass of the diﬀusing
particle, when BODIPY-FL-ATP bound to Vma5p. The dif-
fusion coeﬃcient, D, of BODIPY-FL-ATP was calculated to
be (2.2 ± 0.1) · 106 cm2/s. A binding constant of about 0.75
and 0.87 mM of bound ADP and ATP, respectively, was cal-
culated. FCS measurements of Atto-532-ADP in the presence
of the C subunit of A. thaliana indicated a similar binding
behaviour of the nucleotide (data not shown).
3.4. Secondary structural alterations due to nucleotide-binding
To obtain additional information on possible secondary
structure alterations in subunit C after nucleotide-binding the
ﬂuorescence emission of Vma5p with and without ligands was
monitored using the intrinsic tryptophan ﬂuorescence (Fig.
5). Addition of CaATP (curve n) decreased the quantum yield
markedly (up to 45%). The ﬂuorescence intensity drops further
in the presence of the non-hydrolyzable ATP-analog CaAM-
P Æ PNP (curve ·). In contrast, Vma5p in the presence of
CaADP (curvee) displayed a spectrum similar to that obtained
in the absence of nucleotides with a slightly lower intensity. The
data indicate that the tryptophan ﬂuorescence spectrum of
subunit C (Vma5p) is sensitive to nucleotide binding.
3.5. Nucleotide-dependent trypsin treatment of subunit C
Firm evidence that nucleotide-binding of subunit C af-
fected its structure was also obtained from tryptic digest of
the protein in the presence of CaATP, CaADP or in the ab-
sence of nucleotides. The time course of proteolysis was
probed by SDS–PAGE (Fig. 6). Proteolysis of subunit C
at the trypsin amount used (320:1, (w/w)), was characterized
by a rapid cleavage yielding the three major fragments (I–
III), with apparent molecular masses of 26, 22 and 13
kDa, respectively. By contrast, nucleotide-binding of subunit
C caused a slower cleavage of the protein and it became
remarkably stable toward the proteolytic activity of trypsin.
Fig. 6. Electrophoretic analysis of nucleotide dependent trypsin cleavage of Vma5p. (A) Subunit C was incubated for 5 min on ice with 2 mM
CaATP (A), CaADP (B) or without nucleotides (C) before trypsin cleavage (ratio of subunit C:trypsin was 320:1 (w/w)) for the indicated time.
Proteolysis was stopped by addition of the protease inhibitor Pefabloc SC to a ﬁnal concentration of 4 mM. Samples were electrophoresed on a
17.5% total acrylamide and 0.4% cross-linked acrylamide gel and stained with Coomassie Blue G250.
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depending on whether CaATP or CaADP is bound. Quanti-
tation of the scanned C-bands indicated that 12% and 2% of
this subunit remained after 40 min when CaATP or CaADP,
respectively, bound to the protein. Furthermore, the ratio of
the cleavage fragments I–III are 4:1:0.2, 1:1.5:0.3 and 1:4:0.5
in the presence of CaATP, CaADP and in the absence of
nucleotides, respectively, indicating the altered accessibility
of subunit C to trypsin in the absence and presence of diﬀer-
ent nucleotides.4. Discussion
Metabolic control of ion-transport provides a means to re-
duce cellular ATP consumption during limited metabolic sub-
strate or oxygen availability but also plays an important role in
regulating transport during substrate availability. Recent stud-
ies have demonstrated that the metabolic substrate glucose
activates V-ATPase activity through a pathway requiring aer-
obic glycolysis [24], whereby glucose deprivation induces disas-
sembly of the V1 and V0 section [5]. Subunit C (Vma5p) is the
only V-ATPase subunit that reversibly leaves the enzyme after
removal of glucose, causing the catalytic subcomplex, V1, to
detach from the V0 section. It has been hypothesized that sub-
unit C plays a central role in the reversible reassembly of both
domains [9,12] by binding as an anchor protein to the
actin-based cytoskeleton and controlling the linkage of the
cytoplasmic V1 complex with the F- and/or G-actin [12,25].
The high-resolution structure of Vma5p (Fig. 1, [14]), com-
posed of an upper head domain, a large globular foot, and
an elongated neck domain, which connects the head and foot
region, provide interfaces to interact with other V1, V0 sub-
units and actin. Both the head and foot domain show similar
structural motives like the actin-binding protein gelsolin [14].
In this context it is of interest that besides potential actin
binding both C subunits, Vma5p (S. cerevisiae) and VHA-C
(A. thaliana), are able to bind the nucleotides ADP and
ATP, as demonstrated by the photosensitive ADP-, ATP ana-
logues and the ﬂuorescent ADP-, ATP analogues described
above, indicating the generality of nucleotide-binding to sub-
unit C of V-ATPases. CNBr-cleavage of the photolabeled
Vma5p and subsequent N-terminal sequencing of the marked
peptides yielded that the nucleotide-binding site was located
in the C-terminus, formed by the structural motive b–a–b–a,spanning amino acids 320–357 and 382–392. (Note, the amino
acids 358–381 were not solved in the crystallographic structure
[14].) This assignment is supported by the labeling experiments
of A. thaliana subunit C mutants S221G, S223G and
R318A:Y319A, P322A (numbering of analogous S. cerevisiae),
showing that nucleotide binding was prevented by amino acid
substitutions in the C-terminal region of subunit C (VHA-C).
Site-directed mutagenesis revealed that the C-terminal region
of Vma5p might be important for stable assembly of V1 and
V0 [26]. In addition, binding of diﬀerent maleimides to the sin-
gle Cys340, located at the point of the foot region of Vma5p,
prevents this subunit from interaction with C-depleted V1
[27], implying that this C-terminal domain forms at least par-
tially the surface for binding to the stalk region of V1. This
surface in the foot of Vma5p is close to one of the proposed
actin-binding sites of the protein. Therefore, binding of the
nucleotides ADP and ATP to the C-terminus may induce
structural changes in the foot region and thereby alters the
interaction with other V1,V0 subunits and actin. The ﬂuores-
cence quenching after addition of CaADP, -ATP or -AM-
P Æ PNP suggests secondary structural changes in subunit C
in response to nucleotide binding. The fact that binding of
CaADP resulted in a signiﬁcant lower ﬂuorescent quenching
compared to CaATP and the non-hydrolyzable ATP, indicates
that ADP and ATP induced diﬀerent alterations in the Vma5p
molecule. Furthermore, evidence for structural changes in sub-
unit C, depending whether CaATP, -ADP or no nucleotide is
bound to the protein, is provided by the diﬀerent cleavage
pattern of Vma5p after trypsin treatment (Fig. 6A–C).
The fact that subunit C is a nucleotide- and may be an actin-
binding protein raises the possibility that this subunit senses
the varying cellular ATP-concentration and might thereby in-
duce the regulation of the reversible V1V0 disassembly. As de-
scribed recently, the cytosolic ATP/ADP ratio is proposed to
be an important parameter for controlling V-ATPase activity
[28]. Using patch clamping of the S. cerevisiae vacuoles, it
has been shown, that cytosolic ADP (5 mM) interacts with
the V-ATPase and inhibits H+-transport. In this study, addi-
tion of ADP on top of present MgATP resulted in a fast reduc-
tion of current. The eﬀect of ADP was also investigated on the
tonoplast V-ATPase, showing that this nucleotide acted as an
inhibitor of ATP hydrolysis [29]. In this study the signiﬁcance
of the inhibition by ADP for the V-ATPase activity in vivo was
tested by simulating the changes in cytosolic ATP and ADP
ratio which occurs when darkened leaves are transferred into
A. Armbru¨ster et al. / FEBS Letters 579 (2005) 1961–1967 1967light. The data yielded, that ATP hydrolysis rates increased
when the ATP to ADP ratio increased from 2.9 in the dark
to 9.4 after illumination [29]. Since subunit C plays a role in
assembly [12] and stabilization [30] of V1V0 and in the regula-
tion of V-ATPase activity in V1 and V1V0 [13,15,16], the ques-
tion arises whether the reduction of H+-transport due to ADP,
may be caused by ADP-binding to subunit C, resulting in
altered interactions with V1 and V0 subunits and thereby
reducing H+-pump activity. In this context it should be men-
tioned that the ﬂuorescent ATP-analogue bound slightly weaker
to Vma5p than to the ADP-analogue, which is in line with the
strong signal of the bound photoaﬃnity analogue 8-N3-3
0-biot-
inyl-ADP (Fig. 2B), compared with the 8-N3-3
0-biotinyl-ATP
labeled Vma5p (Fig. 2A). Taken together, these results imply,
that not only diﬀerent structural changes due to binding of dif-
ferent nucleotides, but also the binding properties of these
nucleotides might regulate the stalk subunit C, and with that
the V1V0 ATPase. It has been proposed that the head domain
of Vma5p is bound to the catalytic domain of V1 and the foot
region of Vma5p is oriented to the membrane portion
[13,14,27]. The elongated feature of subunit C supports its role
as a mediator, which facilitates the linkage of V1 and V0 and
thereby permits alterations in the V1V0 ATPase due to nucleo-
tide-binding. The data presented imply that subunit C in V1V0
acts not only as a stabilizer and regulator, but also as a sensor
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